mechanical role in its own extrusion (Gu et al., 2011; Rosenblatt et al., 2001) (Fig. 1A) . However, a more recent study has shown that, at least in the MDCK model, the removal of dying cells is a multistep process involving distinct actomyosin pools, where the inner ring created in the apoptotic cell and detected before the outer ring is responsible for the apoptotic cell's apical constriction (Kuipers et al., 2014) . In summary, dying cell extrusion includes two steps, i) apical constriction which depends on the inner apoptotic acto-myosin ring, ii) extrusion per se which depends on the outer acto-myosin ring created by apoptotic cell neighbours in response to an apoptotic biochemical signal. Interestingly, the reorganisation of apoptotic cell neighbours into a rosette is observed at the end of apical constriction, indicating that the force generated by the apoptotic cell is most probably responsible for this apical reorganisation. Consistently, apoptotic cells keep strong adhesion with their neighbours until the completion of cell extrusion (Lubkov and Bar-Sagi, 2014) . A recent report suggests that junctional cortex supports actin architectural reorganisation and contractility around the apoptotic cell; cell-cell adhesion allows the recruitment of Coronin 1B, the subsequent organization of F-actin in bundles and Myosin II in aligned minifilaments. This creates efficient contractility at the interface between apoptotic cells and their neighbours (Michael et al., 2016) . This way, E-cadherin adhesion would play an important role at the apoptotic/neighbour interface by transmitting contractile stress from the apoptotic cell, thus inducing a mechano-sensitive response in neighbours. Altogether, these recent results highlight the reciprocal mechanical influence between apoptotic cells and their neighbours.
Apoptotic forces at the tissue scale
The above results considered the influence of apoptosis at a very local scale, focusing on the apoptotic cell and its direct neighbours. However, the notion of force transmission from the apoptotic cell to the surrounding tissue, affecting living cells at a broader scale, was revealed more recently studying two different morphogenetic processes taking place during Drosophila development: dorsal closure in the embryo and fold formation in the developing leg (Toyama et al., 2008; Monier et al., 2015) . Dorsal closure is a robust morphogenetic process taking place at the end of Drosophila embryogenesis, which corresponds to the migration of two lateral epithelial cell sheets that progressively cover an eyeshaped opening transiently occupied by the amnioserosa, an extra-embryonic tissue. The first row of epithelial migrating cells, or leading edge, form an acto-myosin cable also called the purse-string, which generates one of the driving forces of dorsal closure. Another driving force comes from the amnioserosa (Kiehart et al., 2000) .
Although apoptosis has long been known as taking place during dorsal closure (Abrams et al., 1993) , it is only recently that its role in this phenomenon has been described. The apoptotic pattern during dorsal closure was initially described by Reed and colleagues (Reed et al., 2004) . During dorsal closure, close apposition of yolk sac and amnioserosa is thought to prevent premature anoikis, a particular form of apoptosis induced by loss of adhesion. Then, at the end of dorsal closure, this contact is lost and the whole amnioserosa degenerates through developmentally programmed anoikis (Reed et al., 2004) . More recently, it was shown that a subset of amnioserosa cells undergo apoptosis earlier than initially thought (Toyama, 2008) . Indeed, they contract their apical surface, extrude, bleb and fragment during the migration of the lateral epithelium (Toyama et al., 2008; Sokolow et al., 2012) . In parallel to the extrusion of apoptotic cells, the direct neighbours are distorted and adopt a "rosette" geometry. Rosettes are the consequence of the elongation of neighbouring cells towards the delaminating apoptotic cell, as is the case in monolayer epithelia in culture (Rosenblatt, 2001; Lubkov and Bar-Sagi, 2014) . Although the respective contribution of apoptotic cells and neighbouring cells in these morphological changes has yet to be determined, it was proposed that both contribute to this cellular remodelling (Fig. 1B) showed that the effect of an apoptotic cell is not restricted to the one row of juxtaposing neighbouring cells but can reach several rows of cells. Thus, it is likely that all amnioserosa cells are influenced by the elimination of a subset of the tissue, suggesting that apoptosis could contribute actively to closure. Indeed, both reducing and enhancing apoptosis affects the dynamics of dorsal closure. Either an inhibitor (p35) or an inducer (grim) of apoptosis were specifically expressed in the amnioserosa and the speed of the process analysed. This showed that apoptosis inhibition slows down the process whereas apoptosis enhancement accelerates it. The force exerted by the amnioserosa on the leading edge was further measured by laser ablation experiments in a control versus an apoptosis inhibition context, demonstrating that about one third of the force exerted by the amnioserosa on the leading edge is due to apoptosis (Toyama et al., 2008) .
The recent discovery that neighbouring cells intervene for extrusion only once the apical surface of dying cells has totally shrunk (Kuipers et al., 2014) suggests that neighbouring cells themselves might not play a crucial role in the lateral epithelium movement. Therefore, the force generated by apoptotic cells and leading to their own constriction could in fact be responsible for generating the amnioserosa-dependent pulling force important for dorsal closure. Thus, apoptotic cells could contribute to the general movement of lateral epithelium not only by reducing the surface of the amnioserosa but also by actively generating the morphogenetic force required for dorsal closure. Alternatively, both apoptotic cells and their neighbours could play a part, influencing one another by mechanical communication through adherens junctions (Michael, 2016) .
The apoptosis pattern is quite similar during dorsal closure in spiders, suggesting that the use of apoptosis as a driving force in epithelial sheet migration could be a conserved feature through evolution (Prpic and Damen, 2005) .
More recently, another model emerged for studying apoptosis-dependent morphogenesis: the epithelial folding of the developing fly leg (Greenhalgh, 1998) . This tissue is a circumferential epithelial monolayer around which folds develop, thus forming presumptive joints that separate each tarsal segment of the future leg. In this cylindrical tissue, apoptosis occurs in a very restricted and stereotyped pattern, forming ring-like domains defined by the expression of the pro-apoptotic genes reaper and hid and corresponding to each presumptive joint of the distal part of the leg. Within each ring, apoptosis follows a particular spatio-temporal pattern: (Cheng et al., 2009) (i) it is detected before and during fold formation and no longer once folds are formed; (ii) its rate follows a decreasing gradient from ventral to dorsal and (iii) it appears first in ventral and then progresses to more lateral and dorsal regions. Its role is critical since blocking apoptosis using drugs or genetic approaches abolishes fold formation, while ectopic induction of apoptosis in several rows of cells in a flat epithelium, such as the developing wing, creates an ectopic fold (Monier et al., 2015; Manjon et al., 2007) . Interestingly, loss-of-function of the transcription factor Dysfusion affects the distribution of apoptotic events: rather than being localised in the presumptive fold domain, dying cells are randomly distributed within the developing leg. In this genetic background, despite the same number of apoptotic events, epithelial folds do not form (Cordoba and Estella, 2014) . This supports the idea that local concentration of apoptotic events is of prime importance for apoptotic cells to trigger tissue folding. A corpus of evidence supports the notion that apoptotic cells generate a mechanical force in Drosophila imaginal tissues. First, apoptotic cells reduce their apical surface while keeping strong adhesion to their neighbours. Then, an apico-basal cable-like structure of actomyosin forms, concomitant with the apico-basal deformation of the surrounding epithelium, as shown by live imaging (Fig. 1C) . Since inhibition of myosin II specifically within dying cells prevents apical surface deformation, apoptotic cells appear to be responsible for generating these transient apico-basal forces. Second, in response to apoptosis, actomyosin accumulates apically in surrounding cells which stretch during folding; both cell shape changes and actomyosin accumulation are lost when apoptosis is blocked. This myosin II accumulation which extends from the closest apoptotic cell neighbours to the farthest ones along the fold line, sometimes even connecting different apoptotic cells, is a non-autonomous effect of dying cells (Monier et al., 2015) . Interestingly, when ectopic apoptosis is induced in the wing disc, apical accumulation of myosin II is observed within the tissue, but lost when myosin II is specifically inhibited in apoptotic cells. These data indicate that myosin II accumulation depends on the apoptotic force and corresponds to transmission of this force to neighbours. Importantly, this pool of myosin has to be distinguished from the outer ring involved in apoptotic cell extrusion. Indeed, with or without myosin II activity in apoptotic cells, extrusion still occurs following the formation of an actomyosin cortical belt at the neighbours' adherens junctions, as described in other systems (Rosenblatt et al., 2001; Kuipers et al., 2014) . These data thus support the notion that, in columnar epithelia, the apoptotic apico-basal force, and not the extrusion process, triggers local recruitment of myosin II in the surrounding tissue prior to cell shape change and fold formation (Monier et al., 2015) . Therefore, the apico-basal apoptotic force could constitute the initial mechanical signal responsible for the accumulation of myosin II in the whole fold domain required for tissue folding (Fig. 1C ).
Modelling apoptosis
It has been proposed that apoptosis may dissipate tissue mechanical stress during development (Lecuit & Le Goff, 2007; Shraiman, 2005; Hutson et al., 2003) . Conversely, as reported in Section 1, recent experimental findings have made it necessary to take into account the direct action of apoptotic cells on their neighbours. Therefore, physical descriptions of apoptosis-induced changes in tissue properties have been developed to account for morphogenetic phenomena. First, the balance between death and growth may contribute to maintaining a homeostatic pressure (p h ) inside the tissue. Joanny and colleagues have modelled this relationship using a continuum mechanical model where small variations of pressure p − p h are equated to the net rate of cell production that results from cell division (k d ) and apoptosis (k a ) as per
, where χ denotes the compressibility of the tissue. They have shown in this way that an epithelium monolayer able to deform vertically will form villi and crypts in correlation with low and high levels of cell death (Ranft et al., 2010; Hannezo et al., 2011) .
In addition, apoptotic events are associated with increased local contractility around the dying cells, as detailed in Section 1. It has been suggested that the subsequent tension may propagate throughout the tissue and thus produce large-scale deformation. This hypothesis has been mostly tested in model epithelia, the best-documented tissue in the field.
At the coarsest scale, continuum mechanics is an approach to model mechanical changes without precise biological cell behaviour input. For instance, dorsal closure in the Drosophila embryo (see Section 1) has been described by Kiehart and colleagues as a supracellular purse-string that separates the amnioserosa region from the surrounding epidermis (Toyama et al., 2008; Kiehart et al., 2000) . This purse-string, consisting of a contractile actin cable, acts in the model with its own tension (T) as well as with specific zipping dynamics derived from velocity measurements, and is supported by a difference in stress between the internal and external regions, ultimately yielding the closure of the amnioserosa ( Fig. 2A) . Evidence of a correlation between the occurrence of apoptosis in the amnioserosa, and higher amnioserosa stress (σ AS ) and cable zipping rate (k z ) has been established (Toyama et al., 2008) : apoptosis is represented in the model by an increase in these two parameters (Hutson et al., 2003; Layton et al., 2009 ). Thus, until now, in mechanical models of dorsal closure, the contribution of apoptotic force has been only integrated in more global parameters (Wang, Feng and Pismen, Biophysical journal, 2012) . This calls for additional knowledge about the mechanisms whereby apoptotic cells influence tissue mechanical properties.
D'
3D vertex model with apico-basal force Force balance involves stress within the amnioserosa (σ AS ) and in the surrounding lateral epidermis (σ LE ), as well as the tension T applied by the supracellular contractile acto-myosin purse-string. Apoptosis (red dots) in the amnioserosa is modelled by increasing both σ AS and the zipping rate k z , which accelerates the closure. κ denotes the curvature of the purse-string, v the closure speed and b an effective viscosity (Hutson et al., 2003; Layton et al., 2009) . (B) Semi-continuous approach for dorsal closure based on experimental measurements of cell shrinkage and acto-myosin cable dynamics. Force balance relates closure speed −dL/dt to the tension Λ of the acto-myosin cable, the tension within the lateral epidermis T e , the apical surface tension γ a and the intracellular pressure γ cc /l. V denotes cell volume, l and l AP cell lateral and antero-posterior dimensions respectively and 1/R the curvature of the acto-myosin cable (Saias et al., 2015) . (C) 2D vertex approach for apical constriction in a monolayer epithelium. The shape of cells results from three physical contributions: cell elasticity (K) and cortical junction contractility (spring constant γ) pertaining to a given cell (α) and junctional line tension Λ corresponding to a given pair of vertices (i,j). A and L denote cell area and perimeter respectively and l denotes junction length; A (0) corresponds to the preferred area of a given cell. The minimisation of the energy function W over all vertices yields cell shape in the tissue at equilibrium (Farhadifar et al., 2007) . Apoptosis may then be modelled by altering either of the three components in one or several cells (Kuipers et al., 2014) . (D) 3D vertex approach with surface energy. The energy function involves the volume elasticity K cv of a cell α, the apical junction line tension k aj of a junction (i,j) and the surface tension k cs relative to an interface φ. Here V, l and S denote respectively cell volume, apical junction length and interface area. Apoptosis is modelled by changes in the interfacial energy in one or several cells which leads to gradual shrinkage and then fusion with the nearest cell neighbour (Okuda et al., 2015) . (D') 3D vertex approach with apico-basal force for fold formation in the Drosophila leg disc. This model extends the 2D vertex model by the addition of an apico-basal line tension Λ ab that operates on the vertical cell-cell junctions. Λ and Γ correspond to the line tension and cortical contractility respectively as in the 2D vertex model (C) and K V denotes cell volume elasticity. A, h, L and V (0) denote the area, height, perimeter and preferred volume of a cell α; l the length of an apical junction (i,j) and h the height of an apico-basal junction i. Apoptotic cells undergo shrinkage as in the previous vertex models, but this one also includes increased apico-basal tension in apoptotic cells and apical contractility in the neighbours, both necessary for cell shape remodelling and fold formation (Monier et al., 2015) .
For instance, Salbreux, Solon and colleagues have recently reported a physical description of the morphogenetic role of cell shrinkage in the context of dorsal closure (Saias et al., 2015) . Following previous work (Toyama et al., 2008; Hutson et al., 2003) , they model the amnioserosa region as an array of cuboidal cells, each of which is subjected to the force balance of apical surface tension γ a and intracellular pressure P = γ cc /l (Fig. 2B) . Closure of the amnioserosa as a whole (− dL/dt) is hampered by tension in the epidermis (T e ) but favoured by the contractile actin cable characterized by its line tension (Λ) and curvature radius (R). The dynamics of this system are further guided by an empirical shrinkage of amnioserosa cells during dorsal closure, based on temporal measurements of cell volume (V). Simulations suggest that changes in cell shrinkage and cable tension disrupt the equilibrium state between the two regions, thus favouring dorsal closure (Saias et al., 2015) .
These models consider mechanical forces at the tissue scale without translating the molecular mechanisms identified at the cellular scale. In order to take into account cell-scale processes and study their longrange effects on the tissue, vertex models have been developed, following the recent experimental advances in apoptotic cell behaviour. They serve to translate, in terms of cell geometrical and mechanical properties, processes such as actomyosin rosette formation, apical constriction, cell extrusion (Rosenblatt et al., 2001; Kuipers et al., 2014) and apicobasal deformation (Monier et al., 2015) while taking into account the maintenance of adhesive forces, which have been shown to be essential for apoptotic cell extrusion (Lubkov and Bar-Sagi, 2014) . Most of these models rely on the description of a monolayer as a two-dimensional (2D) polygonal tiling with an energy function W, as proposed by Jülicher and colleagues (Farhadifar et al., 2007) . More precisely, three energy terms of distinct physical origins are involved: (i) area elasticity (K), which relates to the cost of a cell moving away from the preferred cell size (A (0) ); (ii) line tension (Λ), accounting for the cohesion forces at the junctions of neighbouring cells and which may involve both adhesion and cortex tension; and (iii) contractility (γ) of the cell perimeter, where cortical components such as junctional acto-myosin and adhesion molecules are modelled as elastic elements (Fig. 2C) . The principle of this approach consists in minimising the energy over all vertices in order to derive the configuration that corresponds to force balance. This way, cell shape at stationary conditions may be related to specific mechanical contributions within the cell as well as to the topology of the network. Moreover, this approach may be advantageously used to follow discrete-time evolution of the monolayer towards equilibrium, or to connect different epithelial processes within a tissue, such as morphogenesis and apoptosis.
Based on this 2D vertex model, Charras and colleagues have altered the three energy terms one by one in a given cell to replicate its apoptosis-driven apical constriction (Kuipers et al., 2014) (Fig. 2C) . By performing numerical simulations of a monolayer with a realistic set of parameter values retrieved from experiments, they were able to show that a halved elastic modulus of the apoptotic cell or higher elastic modulus of the cells neighbouring the dying cell cannot account alone for apical surface reduction, nor can mere loss of intercellular adhesion. In contrast, observations on apical constriction were found to be compatible with a fivefold increase in cortical contractility or, alternately, an increase of junctional adhesion energy in the neighbouring cells (Kuipers et al., 2014) . In addition to discriminating between different mechanical contributions at the cellular scale, the Jülicher 2D vertex model has also been used to examine the role of cell death in tissue size control (Kursawe et al., 2015) . Fletcher and colleagues implemented cell death in a monolayer tissue by removing cells, the apical surface area of which had decreased below a given threshold during the course of the evolution of the system towards equilibrium. Without explicitly referring to any specific apoptotic process, cell removal led to a reorganisation of the cell network. Ultimately, removal, division and intercalation achieve regulation of tissue size in this context where only passive mechanical forces are assumed to be present in the tissue (Kursawe et al., 2015) .
Due to its powerful means of comparing mechanical processes over cellular and tissular scales, the vertex model has recently been extended to three dimensions (3D) in order to describe experimental reports of 3D apoptosis-induced epithelial morphogenesis, i.e. including deformation along the apico-basal direction. Different approaches have been followed, depending on the physical variables the models emphasize.
Thus, Okuda and co-workers have proposed a 3D vertex description based on interfacial interactions (Fig. 2D) (Okuda et al., 2015) . The energy to be minimised is expressed as a general function of three terms: it preserves cell elasticity K cv (relative to volume instead of area) and apical junction line tension k aj but acquires an additional term of extracellular interaction related to surface tension k cs of the cell-cell or cellsubstrate interfaces, which makes it possible to include basal adhesion. In this setting, the apoptotic process of a cell is modelled by gradual shrinkage and then fusion with the nearest cell neighbour, i.e. disappearance without loss of network integrity. Okuda and co-workers apply this vertex model to a spherical monolayer epithelium and show localised flattening driven by region-specific apoptosis. Alternatively, Gay and colleagues have kept the junctional basis of the vertex description (Fig. 2D') (Monier et al., 2015) : this model retains the fundamental partition of the Jülicher model into cell elasticity (K V ) (with volume instead of area as well), apical junction line tension (Λ) and apical cortex spring-like contractility (Γ). However, it is completed by a fourth component that accounts for the observed apico-basal deformation (see Section 1) and is modelled as line tension on the apicobasal intercellular junctions (Λ ab ). Thus this approach focuses on the putative actors of cell shape change that are the junctional actomyosin structures and the apico-basal myosin cable. This description was instrumental in highlighting the importance of the spatial pattern of apoptotic events to deform the tissue, and predicting a relationship between the density of apoptotic cells and the extent of the fold (Monier et al., 2015) . These numerical simulations have also been able to uncouple the relative roles of apical contractility and apico-basal force in cell shape and tissue remodelling respectively; and point at an essential role of an apico-basal force to form a fold in a cylindrical monolayer epithelium model.
Overall, a few distinct physical models have been used to account for morphogenesis driven by apoptotic forces. At the tissue scale, the active contribution of apoptosis has often been translated as higher stress. Only following experimental demonstration has the actual mechanism responsible for such a connection been explicitly included, as for instance cell shrinkage during dorsal closure of the Drosophila embryo. At cellular scale, the vertex model allows a much more detailed description of intercellular interactions. Indeed, it highlights the geometry of the cells within the tissue, which helps assign specific parameter values to an individual cell, or even to its parts. This has made it possible to evaluate the contribution of distinct processes (junction contractility, cell elasticity or apico-basal force generation) towards a particular morphological behaviour such as apical constriction or fold formation. Interestingly, most models tend to be wrought in accordance with experimental results, ensuring better adequacy between data and theory. This tendency will undoubtedly benefit the study of the apoptotic force, as this process is thought to be involved in several other contexts that have not yet received a physical description (Teng & Toyama, 2011) .
The need to revisit other morphogenetic movements
Recent evidence that the elimination of cells by apoptosis is far from being neutral for its surrounding, influencing tissue mechanical properties, led us to reassess the different cellular aspects characterized in other model systems in which apoptosis is known to be involved. Namely, we will summarize in this part of the review our current knowledge on the influence of apoptosis on (i) migration and (ii) invagination processes.
Migration
As discussed previously, apoptotic cells can influence the migration speed of an epithelial sheet by changing the mechanical properties of the neighbouring tissue, a role that has been studied exclusively during dorsal closure in Drosophila. However, it is tempting to speculate that apoptosis could be actively involved in other migration processes. Indeed, apoptosis is known to occur in different processes such as wound healing and abdomen morphogenesis. Similarly to dorsal closure, these processes include concentric migration and fusion of two epithelial sheets that move towards one another concomitantly with the elimination of the tissue in-between.
Wound healing
Wound healing involves a well-characterized sequence of events including rapid increase of specific cell populations that prepare the healing. These are neutrophils, macrophages, lymphocytes and fibroblasts which drive resistance to infection, phagocytosis, production of growth factors and extracellular matrix components, proliferation and vascularity -populations that ultimately need to be eliminated for the wound to close properly. Although these cells can be eliminated by different mechanisms, apoptosis seems to be their main means of disappearance, avoiding tissue damage or inflammation (Brown et al., 1997; Greenhalgh, 1998) . Interestingly, apoptosis is mainly limited to the wound edge and follows the advancing epithelial edge as healing progresses (Fig. 3B) . Dysregulation of apoptosis induces pathological forms of healing such as excessive scarring and fibrosis (Brown et al., 1997; Greenhalgh, 1998) . Although nothing is known about a potential mechanical role of apoptotic cells in this process, dorsal closure has long been proposed as a model of wound healing based on important similitudes (Belacortu & Paricio, 2011) (including the presence of apoptosis between two migrating epithelial and of a contractile actin cable at the leading edge). Thus, it would be interesting to push the analogy further by testing the potential role of the apoptotic force in wound healing.
Abdomen morphogenesis
During Drosophila metamorphosis, the epidermis of the adult abdomen forms through cell proliferation, migration, fusion, extrusion and apoptosis with the progeny of histoblasts replacing larval epidermal cells (LECs). Histoblasts are already present in the larval tissue and are organized in nests embedded amongst LECs. Four histoblast nests exist amongst each hemisegment of the larva: the anterior dorsal, the posterior dorsal, the ventral and finally the spiracular one; all nests expand at the onset of metamorphosis, then fuse and migrate towards the ventral and dorsal midlines, replacing larval cells (Madhavan & Madhavan, 1980; Ninov et al., 2007) . Interestingly, it has been described that, similarly to dorsal closure, histoblasts from each hemisegment align along midlines (Bischoff and Cseresnyes, 2009 ). Concomitantly, LECs undergo extensive and orientated migration before being extruded from the epithelium and eliminated by apoptosis (Bischoff, 2012) . This apoptotic phenomenon appears to be essential for proper abdomen morphogenesis as the inhibition of LEC apoptosis induces defects in the adult organ (Kester & Nambu, 2011) . At the cellular scale, LEC apoptosis correlates with their apical constriction and their extrusion out of the epithelium (Ninov et al., 2007) . Moreover, this apoptosis occurs principally at the interface between histoblasts and LECs. Close coordination is required between the two types of cells as absence of histoblast proliferation induces a delay in triggering LEC apoptosis while apoptosis is needed for proper histoblast nest expansion (Ninov et al., 2007; Nakajima et al., 2011) . Thus, histoblasts and apoptotic LECs both actively contribute to abdomen closure (Fig. 3C) .
Considering the similarities between abdomen morphogenesis and dorsal closure, one may hypothesize that apical constriction of apoptotic LECs might induce both the reorganisation of apical surfaces in neighbouring cells, as well as the generation of forces contributing to histoblast migration and abdomen closing (Fig. 3) . Another point in favour of this hypothesis is the fact that in some cases, a fold is present at the boundary between histoblasts and LECs (Bischoff & Cseresnyes, 2009) . Such a deformation is reminiscent of the generation of a fold in the epithelium by the apoptotic force during Drosophila leg morphogenesis (Monier et al., 2015) and suggests that forces are most probably exerted at the histoblast/LEC boundary. Future work will be required to test this hypothesis.
Invagination
Tissue invagination or folding converts 2D into 3D structures and constitutes a fundamental morphogenetic event. Thus, animal morphogenesis could be compared to origami (Joshi & davidson, 2012) , which consists in the creation of a 3D shape by transforming an initially flat sheet of paper through sequential folding actions. Similarly, during animal morphogenesis, simple flat epithelia are converted into complex three-dimensional structures following a series of local tissue folding. Obviously, the analogy is incomplete as, contrary to the sheet of paper, animal tissues grow, die and other events such as cell intercalation and migration also take place during morphogenesis. Yet, the fundamental principle of converting 2D into 3D structures by local folding is common.
Epithelium folding is usually associated with cell apical constriction (Sawyer et al., 2010) . Mesoderm invagination in Drosophila, a well-studied model of tissue invagination, has led to the discovery that pulsed contractions of actomyosin at the subapical cortex drive cell surface constriction, provided that a second pool of actomyosin stabilises the constricted shape (Martin et al., 2009 ). This necessitates a tight coupling with adherens junctions (Martin et al., 2010; Roh-Johnson et al., 2012) . This ratchet mechanism, generated in each mesodermal cell, provides the force to create tissue bending and eventually invagination. Tissue bending may also occur through alternative strategies such as basal adherens junction repositioning (Wang, Kahn, Kaschube & Wieschaus, 2012) or force generation by apoptotic cells (Monier et al., 2015) , as discussed in section 1 with Drosophila leg folding. Interestingly, apoptosis is also involved in tissue folding in other model systems: segmental groove formation in the fly embryonic epithelium and neural tube folding in vertebrates (Lohmann et al., 2002; Yamaguchi et al., 2011; Weil et al., 1997) .
During Drosophila embryogenesis, evenly spaced grooves appear at stage 12, dividing the embryo into segmental units. In the head, morphogenesis of the groove that separates mandibular and maxillary segments is under the control of the homeotic gene Deformed which regulates expression of the proapoptotic gene reaper (Lohmann et al., 2002) . Just prior to groove formation, reaper expression is detected between those head segments. Local apoptosis is both necessary and sufficient for groove formation in this region since absence of cell death prevents tissue remodelling and local expression of Reaper in Deformed mutant embryos restores groove formation (Lohmann et al., 2002) . In the posterior region of the embryo, the homeotic gene Abdominal-B (Abd-B) also regulates reaper expression. This local induction of apoptosis contributes to the correct formation of the folds that separates the posterior abdominal segments (Lohmann et al., 2002) (Fig. 4A ) However, the cellular mechanism by which cell death triggers folding has not been addressed yet.
Another model of tissue folding involving a yet unknown apoptosisdependent mechanism is the bending of the neural tube (Fig. 4B) . Formation of the neural tube starts with thickening of the neuroectoderm. Then, local apical constriction is associated with bending first at the medial hinge point (MHP) and in a second step, at the dorsolateral hinge points (DLHP), bringing together the two dorsal edges that eventually fuse. Apoptosis takes place essentially in the DLHP and in the dorsalmost region where fusion takes place. Both in chicken and mice, blocking apoptosis impairs closure of at least some regions of the neural tube while others close properly (Yamaguchi et al., 2011; Weil et al., 1997; Massa et al., 2009) . Live imaging of murine neural tube closure suggests that apoptosis modulates the speed of closure. This led to the hypothesis that, in addition to apoptosis, other mechanisms may collaborate with actomyosin apical constriction to drive neural tube closure in a defined time window (Yamaguchi et al., 2011) .
Cytoskeletal dynamics during apoptosis in mammalian tissues is currently unknown. However, in Drosophila, the apico-basal cable-like structure of myosin forms both in embryonic tissue as well as in developing adult tissue (Monier et al., 2015) . This supports the hypothesis that the apico-basal force is a general property of apoptotic cells in columnar epithelia, providing a mechanical signal transmitted to the neighbouring cells to modify their mechanical properties and to induce tissue remodelling. Further research on these model systems should provide insight into generic versus specific mechanical properties of apoptotic cells during invagination processes.
A forgotten actor in tissue mechanics: The extracellular matrix
Another important actor in tissue remodelling is the extracellular matrix (ECM). Indeed, extracellular matrix composition and organization are key factors of the mechanical properties of tissues (Haigo & Bilder, 2011; Pastor-Pareja & Xu, 2011; Harunaga et al., 2014) . The extracellular matrix is mainly composed of four major components: laminin, nidogen, perlecan and collagen. Some of them are already known to play a mechanical role in maintaining tissue shape (Haigo & Bilder, 2011; Pastor-Pareja & Xu, 2011) . Indeed, at least in Drosophila, collagen increases matrix rigidity whereas perlecan lowers it, favouring tissue resistance to stretching forces (Pastor-Pareja & Xu, 2011) . Thus, the physical properties inherent to the matrix depend directly on its composition and on the relative proportion of each component. One efficient way to mechanically affect cells could therefore be to modify their extracellular matrix. Most of the studies investigating the link between apoptotic cells and extracellular matrix have focused on the anoikis phenomenon, which corresponds to a particular type of apoptosis induced by adhesion loss. Thus, the common view is that apoptotic cells are not active effectors of matrix remodelling. However, few studies have revealed different relations between extracellular matrix and apoptosis and may be used as a stepping-stone to redefine the role of apoptotic cells in modifying the mechanical properties of a tissue by acting upon the extracellular matrix.
One example is the Drosophila embryo, where it has been shown that deposition of the proteoglycan-like molecule Papilin within the extracellular matrix surrounding the nerve cord, the gut and the trachea can be modulated by apoptosis (Hortsch et al., 1998) . Hortsch and colleagues show that haemocytes are the main producers of Papilin in the embryo. As Papilin deposition occurs preferentially around organs where apoptosis is present, the authors postulate that this deposition might be linked to the role of haemocytes in clearing apoptotic corpses. Indeed, when apoptosis is blocked, Papilin deposition is reduced around organs such as the gut, malpighian tubules or tracheal system; this reduction correlates with the level of apoptosis normally present in these organs, suggesting that apoptosis may in fact influence ECM composition. Interestingly, Papilin deposition around the central nervous system is thought to help restrict axon pathfinding. Growing evidence indicates that orientation and growth of axons and nervous system related cells may be regulated by mechanical cues (Koser et al., 2015; Franze et al., 2009; Moshayedi et al., 2014) . Therefore, apoptosis-dependent Papilin deposition could modify the mechanical properties of the neural lamina and participates in axon pathfinding regulation and nervous system development (Fig. 5A) .
A second relevant example is palate fusion during mammal development (Shuler, 1995) . During this process, two shelves of epithelial cells fuse to create the secondary palate. This requires adhesion of the medial edge of each epithelial layer and creates a medial edge seam which eventually undergoes apoptosis to allow both shelves to fuse. Apoptosis has long been known to take place during palate fusion (Smiley & Dixon, 1968; Pratt & Greene, 1976 ). More recently a study unveiled an unexpected relationship between apoptosis and the extracellular matrix during this process (Cuervo et al., 2002) . In this study, the authors show by using an elegant culture system, that apoptosis promotes degradation of the basal lamina. They show that the basal lamina remains intact when apoptosis is blocked. Moreover, by blocking matrix metalloproteases (MMPs), they ensured that matrix degradation did not promote apoptosis and observed that mesenchymal cells degenerate normally. The authors named this new process "catapoptosis" and proposed this mechanism as a way to remove the excess of extracellular matrix. Here again, apoptosis appears to actively remodel the extracellular matrix and thus potentially alters tissue mechanical properties (Fig. 5B) .
In the light of these examples, we hypothesize that apoptosis may influence tissue mechanics by affecting the extracellular matrix, influencing its composition and modifying its degradation rate. Thus, apoptotic cells may affect the tension of the surviving cells through matrix modifications. Interestingly, this could be a long lasting effect since matrix proteins are thought to have a long half-life within an organism (Toyama & Hetzer, 2013) . Nevertheless, in these examples, the matrix and apoptosis have yet never been regarded as potent mechanical actors. Albeit tempting, this hypothesis still needs to be tested.
Considering that apoptosis potentially influences matrix remodelling in many different model systems, it would be interesting to test whether apoptosis-dependent matrix remodelling is used as a general mechanism to modify tissue mechanical properties. For example, a model worth revisiting is digit individualisation in vertebrates, a wellknown apoptosis-dependent morphogenetic event which involves important matrix remodelling (McCulloch et al., 2009; Montero & Hurlé, 2010) .
Conclusion
Altogether, these data indicate that, rather than being passively eliminated as initially thought, apoptotic cells participate actively in their own elimination and further impact tissue dynamics by modifying the mechanical properties of their surroundings. From epithelial monolayers in culture to developing epithelia in vivo, a similar sequence of events have been reported: first, a particular acto-myosin structure is formed in the apoptotic cell (either an inner acto-myosin ring at the junction level or an apico-basal acto-myosin cable-like structure), then the apoptotic cell sends a signal to its neighbours (either biochemical or biophysical or both) eventually leading to a local change in tissue tension (formation of an outer ring or accumulation of junctional myosin between apoptotic cells). A tempting hypothesis to explain the differences observed in acto-myosin dynamics (apical junctional belt versus apico-basal structure) in the model systems described above is that cell geometry (flat versus columnar epithelium) could be responsible for acto-myosin network organization in apoptotic cells. Thus, it would be interesting to determine whether apoptotic cells tend to create a planar force in a flat epithelium and an apico-basal force in columnar cells. An important step will be to establish the respective contributions of the different pools of acto-myosin involved in apoptotic force generation and transmission as well as the contribution of the extracellular matrix.
Morphogenesis relies on several basic cellular mechanisms including cell division, cell intercalation, cell extrusion and cell death, most of which have been shown to participate mechanically in morphogenetic processes. Cell intercalation is now well known to play an important role in tissue elongation (Bertet et al., 2004) . Cell division has been shown to favour tracheal pit invagination in Drosophila embryos which led to the proposal that cell shape change associated with mitosis could help an epithelium buckle under pressure (Kondo & Hayashi, 2013) . Cell extrusion is essential for tissue homeostasis: the extruded cell pulls on its neighbours similarly to apoptotic cells when they reduce their apex, but it also responds to pressure (Sokolow et al., 2012; Ninov et al., 2007; Eisenhoffer et al., 2012) . As for apoptosis, until only recently, it was regarded as a clean, neutral way to eliminate cells that are no longer required without releasing any intracellular content (avoiding inflammation) and without impacting the surrounding cells. A large number of studies now sustain a role for apoptosis in influencing the environment through biochemical pathways (for a review, see (Fuchs & Steller, 2015) ). Complementing this view, an increasing number of studies, both in cultured epithelial monolayers and developing tissues, also support the notion that apoptotic cells have an important mechanical impact on the surrounding tissue and constitute one of the key factors involved in force generation during tissue remodelling. Haemocytes then deposit papilin (purple) around the CNS, thus modifying the basement membrane (green) and potentially its physical properties. (B) Palate fusion during mammal's development: schematic frieze of the palate fusion with apoptosis and basement membrane degradation (adapted from (Cuervo & Covarrubias, 2004) ). During palate fusion, two epithelial shelves (light brown) enter in contact and fuse in order to form the secondary palate. After the two shelves meet, a transitory structure appears, the Medial Edge Epithelium (MEE). Those MEE cells enter apoptosis (cells circled in red) and promote the degradation of the basement membrane (green) associated with the MEE, allowing a correct fusion process to occur.
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